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Hosts employ a combination of two distinct yet
compatible strategies to defend themselves against
parasites: resistance, the ability to limit parasite
burden, and tolerance, the ability to limit damage
caused by a given parasite burden. Animals typically
exhibit considerable genetic variation in resistance to
a variety of pathogens; however, little is known about
whether animals can evolve tolerance. Using a bacte-
rial infection model in Drosophila, we uncovered
a p38MAP kinase-mediatedmechanism of tolerance
to intracellular bacterial infection asmeasured by the
extent to which the host’s survival rate increased
or was maintained despite increasing bacterial
burden. This increased survival was conferred pri-
marily by a tolerance strategy whereby p38-depen-
dent phagocytic encapsulation of bacteria resulted
in enlarged phagocytes that trap bacteria. These
results suggest that phagocytic responses are not
restricted to resistance mechanisms but can also
be applied to tolerance strategies for intracellular
encapsulation of pathogens during the invertebrate
immune response.
INTRODUCTION
Defense against pathogenic microorganisms and other para-
sites can be divided into two conceptually distinct components:
resistance, a character that reduces the pathogen’s opportunity
of successful infection through an impact on pathogen fitness
potentially via pathogen clearance; and tolerance, the host’s
ability to cope with the impact of a pathogenic encounter without
a consequent reduction in fitness to the host (Raberg et al., 2007;
Schneider and Ayres, 2008; Corby-Harris et al., 2007; Fornoni
et al., 2004). A distinguishing feature between these two strate-
gies for dealing with infection is that resistance has a negative
effect on pathogens, whereas tolerance does not, and as a
result their relative importance may have substantial conse-
quences for the ecology and evolution of host-pathogen interac-
tions (Rausher, 2001; Roy and Kirchner, 2000). The distinction
between resistance and tolerance has attracted considerable
attention in studies of the evolution of host defense against244 Cell Host & Microbe 6, 244–252, September 17, 2009 ª2009 Elpathogens, especially in plants (Fornoni et al., 2004; Rausher,
2001; Roy and Kirchner, 2000), including the idea that hosts
generally exhibit genetic variation for both resistance and toler-
ance (Kover and Schaal, 2002). Despite the many examples
that indicate the presence of genetic variation in host fitness
postinfection, it is still unclear just how these immune parame-
ters actually relate to host fitness postinfection (Corby-Harris
et al., 2007). In fact, many studies have shown that there is not
always a positive relationship between immunocompetence
parameters and disease resistance, suggesting that host fitness
postinfection may also be maintained by a second strategy,
namely, infection tolerance. In plants, where tolerance has long
been studied, genes conferring disease tolerance have yet to
be identified at the molecular level (Raberg et al., 2007; Rausher,
2001). There have been recent reports suggesting a range of
tolerance mechanisms in the fruit fly Drosophila melanogaster
(Ayres et al., 2008; Ayres and Schneider, 2008).Drosophila Eiger,
an endogenous TNF-a-related ligand, induces a septic shock-
like response that damages the fruit fly and subsequently
reduces survival rate during Salmonella infection (Schneider
et al., 2007; Brandt et al., 2004). A recent study using a foxo
mutant indicates a reduction of insulin signaling and consequent
wasting as a primary cause of host lethality in Mycobacterium-
infected flies (Dionne et al., 2006). In both cases, these intrinsic
responses appear to affect tolerance, but not resistance,
because changes in these signaling pathways do not alter bacte-
rial burden but do alter survival.
Here we described a function for phagocytic cells in promoting
tolerance, but not resistance, in the host defense system. A
screen designed to uncover tolerance mechanisma revealed
that Drosophila p38 mitogen-activated protein (MAP) kinase
(Dmp38b), a homolog of the p38 MAP kinase family, mediates
host defense response to S. typhimurium through phagocy-
tosis-based ‘‘packing’’ of intracellular bacteria into hemocytes
without altering bacterial burden. Our results suggest that phago-
cytic encapsulation contributes to infection tolerance, leading to
the sequestration of bacteria and thereby protecting critical host
tissues from facing the pathogen.
RESULTS
Dmp38b Mediates Tolerance to Salmonella Infection
in Drosophila
To reveal infection tolerance systems in host defense, we carried
out a genetic screen using Drosophila melanogaster as ansevier Inc.
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p38 MAPK Functions in Infection ToleranceFigure 1. Dmp38bMediates Infection Toler-
ance against Salmonella Infection in
Drosophila
The genotypes of flies are as follows: da >
Dmp38b (UAS-Dmp38b/Y; da-GAL4/+); da >
GFP (UAS-GFP/+; da-GAL4/+); da > GS10799
(GS10799/+; da-GAL4/+); Dmp38b/+da >
GAL4 (UAS-Dmp38b/Y; Dmp38b/; da-GAL4/+).
(A) Survival rates of Dmp38b-overexpression flies
and null mutant flies were assessed after Salmo-
nella (SL1344) infection. p < 0.05, comparing
da > GS10799 to da > GFP; p < 0.001, comparing
da > Dmp38b and Dmp38b/+da > GAL4 to da >
GFP; p < 0.001, comparing Dmp38b/ and
Dmp38a/ to wild-type (w1118) (log-rank anal-
ysis). This experiment has been performed at least
three times.
(B) Bacterial persistence in whole body of
Dmp38b-overexpression flies and null mutant
flies. Bacterial persistence was measured using
streptomycin-resistant Salmonella. All error bars
show standard deviation.infection model. We focused on the relationship between host
survival, thought to be a measure of immunocompetence more
directly related to overall host fitness in the presence of infection,
and pathogen load within the host, believed to be related to
resistance. To identify host factors mediating tolerance, we
infected lines of flies expressing a gain-of-function library
(Gene Search [GS] System) with the pathogenic bacterium
Salmonella typhimurium (Toba et al., 1999) and measured host
survival rates postinfection before assessing pathogen load in
prolonged survival strains (see the Experimental Procedures).
No observable decrease in pathogen load in strains with pro-
longed survival after bacterial infection was taken as an indica-
tion of a shift in host defense from resistance to tolerance, a state
of coexistence with the invading pathogens. We screened
approximately 2869 Drosophila GS lines in combination with
a ubiquitously expressing GAL4 fly strain (da-GAL4), resulting
in overexpression of one or two genes from the Drosophila
genome (Toba et al., 1999). As a result, Dmp38b, one of the
Drosophila p38 MAP kinases, was identified as a suppressor of
Salmonella-induced lethality without a subsequent reduction in
bacterial load (Figures 1A and 1B and see Figure S1 and Table
S1 available online). Conversely, the null mutant for Dmp38b
showed consistently increased mortality (Figure 1A and Fig-
ure S1). No significant difference in bacterial load of Dmp38b
mutants versus wild-type was observed until day 10, when flies
were dying, and therefore we believe it reflects a Dmp38b-
derived tolerance mechanism rather than resistance mecha-
nisms (Figure 1B). Similar results were obtained from infection
with other intracellular bacteria (Listeria monocytogenes and
Legionella pneumophila), but not extracellular bacteria (Staphy-
lococcus aureus) (Figure S2), indicating a role within phagocytes
for Dmp38b with regards to tolerance during bacterial infection.
Furthermore, loss-of-function mutants of Dmp38a, another
member of the Drosophila p38 MAP kinase family (Craig et al.,
2004), exhibited similar phenotypes in the presence of Salmo-
nella (Figures 1A and 1B). We attempted to generate a mutant
fly deficient for both Dmp38a and Dmp38b; however, these flies
were embryonic lethal (data not shown), suggesting overlappingCell Host &essential functions for the two p38 MAP kinases during develop-
ment. Consistent with our observations, C. elegans p38 PMK-1
has also been shown to be required for pathogen defense to
infection (Kim et al., 2002); therefore the fruit fly might have
evolved tolerance-like responses mediated by an evolutionarily
conserved function of p38 MAP kinases.
Salmonella Infection Induces Activation of the Dmp38b
MAP Kinase Pathway
Drosophila innate immunity can be broadly divided into two
categories: humoral and cellular immunity. In order to check
whether Dmp38b was affecting NF-kB-dependent resistance
of flies, aspects of both the humoral and cellular responses
were assessed. Dmp38b overexpression did not appear to
significantly affect induction of antimicrobial peptides (AMPs)
(Lemaitre and Hoffmann, 2007; Hoffmann, 2003) or hemocyte-
mediated phagocytosis (Elrod-Erickson et al., 2000) (Figures
S3A and S3B), consistent with a lack of significant bacterial elim-
ination in adult flies (Figure 1B). This is in contrast to Dmp38a
activity in larvae that suppresses AMP expression (Han et al.,
1998). Another aspect of resistance involves melanization,
a process whose activity can be monitored by measurement of
phenoloxidase activity (Soderhall and Cerenius, 1998). Mutation
to a melanization-related serine protease (CG3066) affects
both resistance and tolerance in a manner highly dependent on
the invading pathogen, with resistance to Salmonella infection
being lowered (Ayres and Schneider, 2008). Interestingly, mela-
nization appeared to be negatively regulated by Dmp38b
(Figure S3C). Taken together, it appears that known resistance
mechanisms are not responsible for the improved defense
against Salmonella infection in Dmp38b-expressing flies, and
therefore the increased survival was likely derived from mecha-
nisms not typically associated with humoral or cellular defenses.
DAP-type peptidoglycan, a cell wall component of Gram-
negative bacteria, has been reported to induce Drosophila
p38-related protein phosphorylation, an activation step required
for signal transduction preceding various biological events
in vitro (Zhuang et al., 2006). With this in mind, we tested whetherMicrobe 6, 244–252, September 17, 2009 ª2009 Elsevier Inc. 245
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p38 MAPK Functions in Infection ToleranceFigure 2. Salmonella Infection Induces the
Activation of Dmp38b MAP Kinase Pathway
(A) Identification of phosphorylated Dmp38b in
Salmonella-infected flies. Wild-type flies were
injected with bacteria (Salmonella) or culture
medium (control). The injected flies were collected
at indicated time points (hour) and subjected to
immunoblotting using anti-phospho-p38 anti-
body, anti-Dmp38b antibody, and anti-b-tubulin
antibody.
(B) Identification of phosphorylated Dmp38b in
Dmp38b-overexpression and null mutant flies
infected with Salmonella. The represented strains
were collected and subjected to immunoblotting
at each indicated time point (hour) afterSalmonella
injection.
(C) Identification of phosphorylated Dmp38b in
Salmonella-infected S2 cell as a surrogate for
adult hemocytes. S2 cells were incubated for
1 hr after Salmonella infection, and the lysates
were collected and subjected to immunoblotting
at each indicated time point (hour).p38 activation occurred following bacterial challenge in vivo.
Rapid induction of p38 phosphorylation was observed within
1 hr post Salmonella infection but severely reduced in flies
lacking Dmp38b (Figures 2A and 2B). In addition, increased
amounts of phosphorylated p38 were also observed in response
to bacterial invasion in Dmp38b-expressing flies. Furthermore,
this increase in Dmp38 activity was seen to persist longer than
that observed during infection of control flies (Figure 2B, lower
panel). Next, p38b activation was examined in Salmonella-
infected Drosophila S2 cells used as a surrogate for adult hemo-
cytes. The phosphorylation of p38b was also detected in the
early stages of infection (Figure 2C). It is important to note that
this activation of p38b, both in vivo and in vitro, was not an arti-
fact stemming from increased p38b expression (Figures 2A and
2C). Given that phagocytosis occurs within 1 hr postinjection
(Figure S3B), it is likely that early encounters between invading
bacteria and hemocytes induce the p38 MAPK pathway and
contribute to the regulation of tolerance at the earliest stages
of infection. Supporting the idea that activation of Dmp38 is
required for tolerance to Salmonella, null mutants for a MAP
kinase kinase kinase dMEKK1, known to be required for peptido-
glycan-induced Drosophila p38 phosphorylation in vitro (Zhuang
et al., 2006), also showed high susceptibility to Salmonella infec-
tion (data not shown). Taken together, these observations
suggest that the Drosophila p38 MAP kinase-mediated signaling
cascade plays a major role in host tolerance during intracellular
bacterial infection in a manner fundamentally different from
resistance mechanisms of survival.
Hemocytes Are Responsible Tissue
for Dmp38b-Regulated Infection Tolerance
To investigate whether Dmp38b contributes to the in vivo
kinetics of Salmonella infection tolerance, we observed intracel-
lular proliferation ofSalmonella using a reporter plasmid (pMIG1),
contained within Salmonella, that expresses a green fluorescent
protein (GFP) only when residing within phagocytic cells (Valdivia
and Falkow, 1997). Notably, bacteria were observed persisting
and proliferating within phagocytic cells of flies expressing246 Cell Host & Microbe 6, 244–252, September 17, 2009 ª2009 ElsDsRed to mark hemocytes (Brandt et al., 2004) (Figure 3A).
Consistent with microscopic observation, bacterial loads in
hemolymph from infected flies were found to be approximately
100-fold lower than that seen from whole bodies, suggesting
that the majority of Salmonellawas located inside the hemocytes
(the majority of hemocytes in adult flies are attached to
structures rather than floating freely within the hemolymph)
(Figures 3B and 3C). Inhibition of phagocytic function of
hemocytes through introduction of nondigestible latex beads
(Elrod-Erickson et al., 2000) significantly enhanced lethality to
Salmonella infection (Figure 3D), thereby providing further
evidence of a role for hemocytes in p38-mediated tolerance.
Reciprocally, genetic activation of hemocytes through ectopic
expression of Dmp38b in hemocytes using a tissue-specific
GAL4 driver (pxn-GAL4) (Stramer et al., 2005) was sufficient to
confer tolerance to levels seen through systemic expression of
Dmp38b by da-GAL4 (Figure 3E). Interestingly, despite pro-
longed survival of flies expressing Dmp38b in hemocytes, these
hemocytes contained masses of bacteria that outnumbered that
seen in control flies (Figures 3B, 3C, 4A, and 4B). It has been
observed previously that the general phagocytic capacity (e.g.,
ability of phagocytosis and/or number of phagocytic cells) of
individual wild-type animals was significantly reduced in flies in-
fected with wild-type Salmonella (Brandt et al., 2004; Figures
S4A and S4B). We therefore tested the phagocytic capacity of
Dmp38b-expressing flies via hemocyte engulfment of FITC-
labeled dead E. coli with or without Salmonella infection. In
stark contrast to control flies infected with Salmonella, no signif-
icant decrease of phagocytic capacity could be detected in
Dmp38b-expressing flies (Figures S4A and S4B). However, it is
not clear whether the declined phagocytic capacity seen in
wild-typeSalmonella-infected flies is due to hemocyte disruption
or phagocytosis impairment and which of these events p38b
regulates to maintain phagocytic capacity. Taken together,
these results imply that intracellular events in hemocytes are
responsible for p38-induced infection tolerance with a resulting
persistence of phagocytosis-related capacity in the face of
infection.evier Inc.
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Tissues for Dmp38b-Regulated Infection
Tolerance
The genotypes of the flies are as follows:
pxn > DsRed (pxn-GAL4; UAS-DsRed/MKRS,
Sb); da > Dmp38b (UAS-Dmp38b/Y; da-GAL4/+);
pxn > GFP (pxn-GAL4/UAS-GFP); pxn > Dmp38b
(UAS-Dmp38b/Y; pxn-GAL4/+); UAS-Dmp38b
(UAS-Dmp38b/Y).
(A) Localization of invading Salmonella in plasma-
tocytes, Drosophila macrophage-like phagocytic
cells. pxn > DsRed flies, expressing DsRed in
hemocytes, were infected with Salmonella con-
taining the phagocytic-inducible GFP reporter
(pMIG1). Ectopic fluorescence reveals the coloc-
alization of Salmonella (green) with hemocytes
(red). Representative images of dorsal area of fly
abdomens (shown as black square in schematic
image [left panel]) obtained 1 day postinjection of
bacteria are shown.
(B and C) Bacterial persistence in whole body (B)
and hemolymph (C) in flies with hemocyte-specific
overexpression of Dmp38b (pxn > Dmp38b) after
Salmonella infection. Bacterial persistence was
measured using streptomycin-resistant Salmo-
nella. Filled square is the median reading, the
box extends to the first and third quartiles of the
data, and the whiskers indicate the most distant
data point that is no more than 2.5 times the inter-
quartile distance from the median. *p < 0.01; **p <
0.05 (Student’s t test).
(D) Survival rates of Salmonella-infected flies pre-
injected with fluorescent latex beads to inhibit
phagocytic function of hemocytes. p < 0.001,
comparing blocked + Salmonella to nonblocked
+ Salmonella (log-rank analysis). This experiment
has been performed three times.
(E) Survival rate of flies with hemocyte-specific
overexpression of Dmp38b (pxn > Dmp38b) after
Salmonella infection. p < 0.001, comparing da >
Dmp38b and pxn > Dmp38b to UAS-Dmp38b;
p < 0.001, comparing pxn > Dmp38b to pxn >
GFP (log-rank analysis). This experiment has
been performed at least three times.Persistence of Invaded Salmonella in Hemocytes
of Dmp38b-Overexpression Flies
In order to determine the fate of intracellular bacteria engulfed
by p38-overexpressing hemocytes, we carefully observed
Dmp38b-modified fruit flies infected with GFP-marked Salmo-
nella. The total number of intracellular Salmonella within control
flies, whose hemocytes had not been incapacitated by infection,
clearly decreased during infection (Figures 4Ab and 4Ae), consis-
tent with observations that Salmonella invasion into Drosophila
hemocytes depends upon intact phagocytic cellular processes
(data not shown). This is in contrast to hemocyte expression of
Dmp38b that led to an increase in intracellular persistence of
Salmonella (Figures 4Aa, 4Ad, and 4B), while reciprocally, loss
of Dmp38b exacerbated the loss of sustainable phagocytic
capacity (Figure 4C). Consistent results were obtained with
CFU assays (Figures 3B and 3C). Quantification of fluorescent
area derived from GFP-positive intracellular Salmonella as anCell Host &indication of bacterial load indicated that activation of the p38
MAP kinase pathway increased the number of bacteria (Figures
4D–4F), suggesting that bacteria were ‘‘packed’’ into hemocytes.
These observations suggest that Dmp38b is involved in the
enlargement of hemocytes, thereby enabling large amounts of
bacteria to be trapped inside the cell.
Phagocytic Encapsulation Is Required for Dmp38b-
Induced Tolerance through Bacterial Sequestration
in Hemocytes
To obtain precise mechanistic insights into phagocytosis-linked
infection tolerance, we carefully analyzed a confined cluster of
Salmonella contained within fly phagocytes using a plasmato-
cyte-specific marker (anti-P1 antibody) (Kurucz et al., 2007).
Surprisingly, Salmonella-invaded hemocytes had enlarged to
an extraordinary size compared to uninfected hemocytes in
Dmp38b-expressing flies (Figures 5A–5D; Movie S1). SevenMicrobe 6, 244–252, September 17, 2009 ª2009 Elsevier Inc. 247
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nella in Hemocytes ofDmp38b-Overexpres-
sion Flies
Wild-type Salmonella (WT+pMIG1) and SPI-2
mutant Salmonella (SPI-2+pMIG1) were used for
infection into each line. The genotypes of the flies
are as follows: pxn-GAL4/+ (+/Y; pxn-GAL4/+);
pxn > Dmp38b (UAS-Dmp38b/Y; pxn-GAL4/+);
pxn>DsRed (pxn-GAL4; UAS-DsRed/MKRS, Sb).
(A) Ectopic fluorescence image of fly abdomen (at
dorsal part, as shown in Figure 3A) represents
Salmonella persistence in hemocytes (green).
(B and C) Quantification of total area of GFP fluo-
rescence, indicating extent of cellular-invaded
Salmonella in hemocytes. Each experiment was
performed with appropriate genetic background
strains. All error bars show standard deviation.
*p < 0.01 (Student’s t test).
(D–F) Quantification of amount of persistent
Salmonella in each enlarged hemocyte. Wild-
type Salmonella (WT+pMIG1) and SPI-2 mutant
Salmonella (SPI-2+pMIG1) were used for infection
into each fly strain. The relative fluorescent area in
each single GFP dot as shown in (Ad) and (Af) was
measured 14 days postinjection. The size of unin-
fected hemocytes was measured using fluores-
cent dots in pxn > DsRed fly and fluorescent latex
bead-injected fly (F). Single marker (open circle)
indicates the relative area of one individual fluores-
cent dot. Each longitudinal plot represents the
result obtained from one fly. Blue bar indicates
the average. The number in each upper column
indicates the percent of enlarged hemocytes
(over 200). *p < 0.0001 (Student’s t test).days postinfection, invasion of bacteria seemed to induce
massive enlargement of hemocytes in both control and
Dmp38b gain-of-function flies (Figures 5Ea and 5Eb). At the
late stages of infection (14 days postinfection), the expansion
rate of infected cells appeared to be 3- to 4-fold larger than
that of uninfected cells (Figure 5D). Furthermore, it is remarkable
that these expanded hemocytes contained huge numbers of
Salmonella, filling nearly the entire hemocyte (Figure 5Ed). In
connection with these observations and considering that the
membrane of hemocytes is retained during phagocytic encapsu-
lation, we observed that Drosophila p38 MAP kinase expression
led to an increase in lamellipodia formation in Salmonella infec-
tion (Figure S5). We propose that Drosophila p38 signaling
modulates the remodeling of the actin cytoskeleton in hemo-
cytes that would enable the persistence of enlarged hemocytes
and suggest that intracellular packing of pathogens exerts
a tolerance mechanism during infection. Supporting the idea
that cytoskeleton remodeling modulates phagocytosis-based
tolerance, the small GTPase Drosophila Rac2 contributes
phagocytic defense during Pseudomonas aeruginosa infection
without affecting AMP expression (Avet-Rochex et al., 2007).
We propose the term ‘‘phagocytic encapsulation’’ to describe
this phenomenon.
To investigate whether phagocytic encapsulation contributes
to fly survival after bacterial infection, we used a nonpathogenic
Salmonella mutant strain containing a mutation to SPI-2. Salmo-248 Cell Host & Microbe 6, 244–252, September 17, 2009 ª2009 Elsnella contains a Salmonella pathogenicity island (SPI) gene
cluster encoding a type III secretion system (TTSS); infection of
macrophages by Salmonella activates the SPI-2 virulence locus
that subsequently promotes SPI-2 effectors to act within phago-
cytic cells to promote intracellular replication and systemic
spread (Galan, 2001). SPI-2 mutants can colonize in specific
immune tissue (gastrointestinal-associated lymphoid tissue like
Payer’s patches) but cannot progress to other areas such as
mesenteric lymph nodes, suggesting that SPI-2 mutants are
unable to proceed past initially invaded cells (Cirillo et al.,
1998). As observed previously (Brandt et al., 2004), an SPI-2
mutant deficient for the ssrA gene (TM232) and carrying pMIG1
showed little pathogenicity to Drosophila and was retained
within hemocytes after infection (Figures 4Ac and 4Af and
Figure S6). Interestingly, the total number of intracellular Salmo-
nella SPI-2 mutants in wild-type flies was comparable to
Dmp38b-expressing flies (Figures 4A–4C). Furthermore, phago-
cytic encapsulation of SPI-2 mutants by wild-type hemocytes
led to engorgement of hemocytes containing clumps of SPI-2-
mutated bacteria (Figures 5Ec and 5Ee; Movie S2) in a manner
similar to that seen in Salmonella-infected flies expressing
Dmp38b in hemocytes (Figures 4E–4G). This phagocytic encap-
sulation was not observed in SPI-2 mutant-infected Dmp38b null
flies that were found to be sensitive to the SPI-2 pathogenicity
(Figure S7). Finally, the p38b-induced tolerant phenotype was
abolished when the engulfing function of hemocytes was blockedevier Inc.
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The genotypes of flies used are as follows: pxn>Dmp38b (UAS-Dmp38b/Y; pxn-GAL4/+); pxn-GAL4/+ (+/Y; pxn-GAL4/+); da>Dmp38b (UAS-Dmp38b/Y;
da-GAL4/+); da>GFP (UAS-GFP/+; da-GAL4/+).
(A) GFP ectopic fluorescence image of fly abdomen (dorsal part) infected with Salmonella (green).
(B) Confined cluster of Salmonella encapsulated by plasmatocyte-specific structure shown in high-magnification image of white square region in (A) (Ba–Bc).
Note that P1-positive enlarged plasmatocyte (magenta) contains a large number of Salmonella (green) (X-Y plain [Bc], Y-Z plain [Bd], and X-Z plain [Be]). Plas-
matocytes in uninfected flies are shown in (Bf). Scale bar, 10 mm.
(C) Confocal microscopic image of a confined cluster of Salmonella within plasmatocyte specific structure 14 days postinjection. (X-Y plain [Ca], Y-Z plain [Cb],
and X-Z plain [Cc]). The three-dimensional image is available as Movie S1. Scale bar, 10 mm.
(D) Relative area of P1-positive plasmatocytes in uninfected and infected (at 14 days postinjection) Dmp38b-overexpression flies (pxn > Dmp38b). All error bars
show standard deviation. *p < 0.001 (Student’s t test).
(E) Confined cluster ofSalmonella (green) in plasmatocytes (magenta) inDmp38b gain-of-function flies (pxn >Dmp38b) infected with wild-typeSalmonella (Ea and
Ed), wild-type flies (pxn-GAL4/+) infected with wild-type Salmonella (Eb), and wild-type flies (w1118) infected with SPI-2 mutant Salmonella (Ec and Ee). Scale bar,
10 mm.
(F) Blocking of phagocytosis by injection of latex beads inhibits Salmonella persistent in hemocytes. Shown are ectopic fluorescence images of fly abdomen (at
dorsal part, as shown in Figure 3A) (Fa–Fc) and hemocytes (Fd–Ff). Fluorescent beads (red), P1-stained hemocytes (blue), and Salmonella are shown.
(G) Survival rate for Dmp38b-overexpressing flies were assessed after Salmonella infection with phagocytosis blocking by latex beads injection. p < 0.01,
comparing da > Dmp38b beads (+) Salmonella (+) to da > GFP beads (+) Salmonella (+) (log-rank analysis). This experiment has been performed three times.in p38b-overexpressing flies through introduction of nondigesti-
ble latex beads as well as performed in Figure 3D before infection,
suggesting a crucial link between p38b and phagocytic
processes (Figures 5F and 5G). This use of phagocyte-blocked
flies revealed the remarkable contribution of hemocytes in
defense of adult Drosophila against systemic infection with
Salmonella (Defaye et al., 2009). Taken together, these data
suggest that p38 MAP kinase-regulated phagocytic encapsula-
tion sequesters and prevents proliferating bacteria from escaping
to extracellular areas, thereby providing a mechanism of infection
tolerance and enabling the host to suppress the increasing
fitness cost resulting from infection.Cell HostDISCUSSION
Evolutionary Advantages of an Encapsulation
Defense System
Infection tolerance mechanisms confer the ability to limit disease
severity induced by a given parasite burden (Raberg et al., 2007;
Schneider and Ayres, 2008; Corby-Harris et al., 2007; Fornoni
et al., 2004). The work reported here demonstrates an in vivo
role for Drosophila p38 MAP kinase during bacterial infection
through tolerance strategies in the form of phagocytic encapsu-
lation and sequestration in order to defend the host from
bacterial virulence. Our present study broadens the concept of& Microbe 6, 244–252, September 17, 2009 ª2009 Elsevier Inc. 249
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phagocytosis is not limited merely to the digestion and autoph-
agy of ingested pathogens but rather might act as a cellular
barrier to block pathogen escape. The immune system in verte-
brates has evolved the digestion mechanism as a means for
antigen presentation, a prerequisite for induction of acquired
immunity that is a major strategy to eradicate invaders, and
that could conflict with an ‘‘encapsulatable’’ function. However,
in the case of invertebrate arthropods lacking an antigen-based
acquired immune system, it is likely that greater emphasis would
be placed on the isolation and sequestration of engulfed patho-
gens from a host’s vital tissues. Further delineation of the encap-
sulatable tolerance machinery will provide important insight into
primitive immunity as well as host-pathogen interactions.
Pathogen-Sustainable Tolerance Properties
in Infected Individuals
Phagocytic encapsulation enables host animals to carry live etio-
logic agents inside their bodies, thereby potentially providing
additional time for eradication or simply acting as a sequestration
method to avoid exposure to additional tissues sensitive
to pathogenic effects. Furthermore, sequestration of agents
capable of triggering immune responses would simultaneously
avoid energetically expensive systemic immune responses that
can limit life span. Conversely, it is likely that the ‘‘packing’’ event
also plays a role in the survival of pathogens themselves. For
example, an encapsulation-based cellular response can be
exploited for the avoidance from host immune system for years
or decades, as represented by Mycobacterium tuberculosis-
induced latent infection that allows persistence of tubercule
bacilli within macrophages in granulomatous lesions (Raupach
and Kaufmann, 2001). Thus, phagocytic encapsulation probably
contains two conflicting impacts on the host defense system:
one whereby conserved tolerance may act as a comprehensive
primitive defense system that prevents host animals from
suffering damages prior to systemic resistance (e.g., in the
case of acquired immunity), and the second in which an indirect
effect of tolerance facilitates disease latency in individuals and
consequent propagation in animal populations when resistance
systems do not fully eliminate invaders.
While this study clearly demonstrates a role for Dmp38b in
conferring tolerance to flies infected with Salmonella, a role for
Dmp38b in resistance cannot be ruled out. Indeed, survival of
an infected organism likely depends on a combination of both
resistance to that organism and tolerance to the infection.
Such a combination of mechanisms has been proposed to
lead to nine different states of an organism (Ayres and Schneider,
2008) ranging from high tolerance coupled with low resistance to
low tolerance coupled with high resistance and all states in
between. The p38-mediated defense seen in this study poten-
tially falls into the class represented by high tolerance and low
resistance. In order to shed light on such complicated defense
mechanisms, comprehensive work investigating the synergistic
effects of both tolerance and resistance to host fitness will be
required.
A provocative finding in this study involves a potential role for
Dmp38b in the regulation of the melanization cascade, a mecha-
nism involved in infection resistance (Ayres and Schneider,
2008). While previous reports have shown crucial negative regu-250 Cell Host & Microbe 6, 244–252, September 17, 2009 ª2009 Elslatory mechanisms for both the Imd and Toll pathways in their
regulation of AMP activity (Gordon et al., 2005; Foley and
O’Farrell, 2004; Kim et al., 2005; Agaisse and Perrimon, 2004),
negative regulation of the melanization cascade remains
unclear. Intriguingly, Dmp38b appears to act as both a positive
regulator for tolerance and a negative regulator of the melaniza-
tion cascade (Figure S3C). Furthermore, in larvae, Dmp38a
activity has been associated with a downregulation of AMP
activity (Han et al., 1998). A shift from resistance to tolerance
would be necessary for long-term survival of an organism, and
control of such a shift by a bona fide tolerance mediator would
guarantee tight association between these connected survival
strategies. Given the conserved role of p38 MAP kinase as
a mediator in pathogen-sustainable tolerance systems, our find-
ings may provide a blueprint for host-pathogen interactions that
is likely to influence the severity of infectious diseases in other
metazoans, including vertebrates.
EXPERIMENTAL PROCEDURES
Fly Strains
Flies were raised on standard Drosophila medium at 25C. da-GAL4 line,
KG01337 line, and other general strains were obtained from Bloomington
Stock Center. All GS strains were provided from Kyoto Drosophila Genetic
Research Center. UAS-Dmp38b line was a gift from Takashi Adachi-Yamada
(Adachi-Yamada et al., 1999). pxn-GAL4 line was a gift from Micheal J. Galko
(Stramer et al., 2005). UAS-DsRed line was a gift from Makoto Sato (Sato and
Kornberg, 2002). Dmp38a null mutant was a gift from Ross L. Cagan (Craig
et al., 2004).
Bacterial Strains and Culture
Salmonella typhimurium (SL1344) and Listeria monocytogenes (10403S)
were gifts from David Schneider (Brandt et al., 2004; Mansfield et al., 2003).
S. typhimurium (TM232) was provided by Nobuhiko Okada (Miki et al.,
2004). Legionella pneumophila (CR39) was provided by Hiroki Nagai (Nagai
and Roy, 2001). Staphylococcus aureus was provided by Hiroshi Hamamoto
and Kazuhisa Sekimizu (Hamamoto et al., 2004). The pMIG1 reporter plasmid
was a gift from Stanley Falkow (Valdivia and Falkow, 1997). SL1344 and
TM232 were cultured at 37C in the dark without agitation in LB broth medium
with 100 mg/ml streptomycin, and 100 mg/ml streptomycin and 50 mg/ml
kanamycin, respectively. For pMIG1 plasmid maintenance, culture medium
was supplemented with 100 mg/ml ampicillin. 10403S was cultured at 37C
in the dark without agitation in BHI broth medium with 100 mg/ml streptomycin.
CR39 was cultured at 37C in the dark on charcoal-yeast extract (CYE)
plates with 100 mg/ml streptomycin as described previously (Nagai and Roy,
2001), and bacterial patch on the plate were suspended in sterile water for
injection. S. aureus was cultured at 37C in the dark with agitation in LB broth
medium.
Microbial Infection to Fly and Cells
Seven- to ten-day-old male flies were used for all experiments. Before injection,
the bacteria-containing medium was adjusted to appropriate concentration
using Gene Quant pro (Amersham) with culture medium (SL1344, TM232,
and CR39, 0.1 OD; 10403S, 0.01 OD; andS.aureus, 0.001 OD). Flies were anes-
thetized with CO2 and injected with each strain of bacteria in 65 nl of medium.
Injection was carried out by using an individually calibrated pulled glass needle
attached to IM-300 microinjector (Narishige). Flies were always injected in the
abdomen, close to the junction with thorax and just ventral to the junction
between the ventral and dorsal cuticles. After injection, flies were transferred
to fresh vials once a week. For inhibition of phagocytosis activity of hemocyte,
FluoSpheres red fluorescent (F8763, Invitrogen) were injected into fly as previ-
ously described (Elrod-Erickson et al., 2000). For infection to cells, Drosophila
S2 cells were cultured as previously described (Kanuka et al., 2005). Cells were
incubated with bacteria for 1 hr at moi = 10 and treated with 100 mg/ml
gentamycin for 1 hr to eliminate unengulfed bacteria.evier Inc.
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To identify genes enhancing infection tolerance for bacterial pathogenicity we
adapted the P-element-based Gene Search (GS) System (Toba et al., 1999).
The GS vector contains the UAS enhancer adjacent to a core promoter. In
this screen, genes are detected on the basis of phenotypic changes caused
by the GAL4-dependent forced expression of the vector-flanking DNA. This
system has greater efficiency than others that are presently used for gain-of-
function screens (Toba et al., 1999). For the first screen, females of the w1118;
+/+; da-GAL4 genotype were crossed to males from each line in the GS
collection. F1 progeny were injected with Salmonella (approximately 5000
CFU), and survival rates were monitored daily. The infection phenotypes of
GS lines (longer-lived and shorter-lived) were categorized into ‘‘suppressor’’
and ‘‘enhancer’’ of Salmonella-induced lethality, respectively. Genomic DNA
regions flanking P element of the GS vector were recovered from these GS lines
by standard inverse PCR protocols (http://www.fruitfly.org/about/methods/
inverse.pcr.html). The recovered genomic fragments were sequenced and
analyzed with BLAST at National Center for Biotechnology Information
(NCBI) (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) databases to identify the
candidate genes (Table S1). In a secondary screen, bacterial load in each GS
line identified as a ‘‘suppressor’’ strain was measured. Strains exhibiting both
prolonged survival and normal bacterial load were kept and reexamined for
reproducibility of phenotypes.
Dmp38b Mutant Fly
KG01337 (#14364) flies were crossed to transposase-expressing lines (w1118;
Dr/TMS, Sb P[ry+, D23]), and male progeny carrying both elements were
mated to w1118; Tft/CyO females. Progeny with white eyes were collected
and analyzed. Excision lines were screened by genomic PCR and sequenced
using sets of primers that recognize genomic sequences flanking the Dmp38b
locus. An imprecise excised line (p38bex9) was a null mutant line of Dmp38b,
because RT-PCR analysis revealed that the amount of mRNA for Dmp38b was
not confirmed in this strain (data not shown). Overexpression of Dmp38b
rescued the null mutants phenotypes demonstrated in this report (data not
shown). RT-PCR was carried out with the following primers sets: Dmp38b,
50-CCGAGAGATCAATGTTGAGGCCGCGAAGTG-30 and 50-TTATGTTGTTCA
GATCGGCGTCCATCAAGT-30.
Colony-Forming Assay
Infected flies incubated for indicated durations were homogenized in 10 mM
MgSO4 solution, and the diluted series of the homogenized samples were
prepared and plated on media containing 100 mg/ml streptomycin for whole-
body CFU counts. For hemolymph CFU counts, Salmonella-infected flies incu-
bated for indicated durations were injected with 260 nl PBS incubated 10 min
before hemolymph was drawn, added to 100 ml 10 mM MgSO4 solution, and
plated on media containing 100 mg/ml streptomycin. The CFU in hemolymph
was estimated supposing the hemolymph volume of individual flies is 200 nl.
Immunoblotting
For the detection of proteins, infected flies and S2 cells were collected and
lysed in SDS sample buffer at each indicated time point. Immunoblotting
was performed described previously (Kanuka et al., 2005), using a rabbit
anti-active p38 antibody (1:1000, Cell Signaling Technology), rabbit anti-
Dmp38b antibody (1:1000, Adachi-Yamada et al., 1999), mouse anti-b-tubulin
(1:1000, Chemicon), anti-mouse IgG-HRP antibody (1:2000, Promega), and
anti-rabbit IgG-HRP (1:2000, Cell Signaling Tchnology). The signals were visu-
alized using Immobilon Western kit (Millipore). Immunoblotting of anti-b-
tubulin antibody was used as a loading control.
Immunohistochemistry
Immunostaining of abdominal regions was carried out as previously reported
(Kanuka et al., 2005) with some modification. The following antibodies and
fluorescent materials were used for immunostaining: mouse P1 monoclonal
antibody (1:10, a gift from Dr. Istvan Ando) (Kurucz et al., 2007), goat anti-
mouse IgG-Alexa 568 (1:100, Invitrogen), goat anti-mouse IgG-Alexa 488
(1:100, Invitrogen), and FluoSpheres red fluorescent (F8763, Invitrogen). To
analyze the topology of the infected hemocytes, optical sections were
obtained along the z axis at 0.2 mm intervals, and the images of the X-Z and
Y-Z planes were reconstructed by using Leica AF software (Leica). For quan-Cell Hosttitative analysis of fluorescence in the dorsal side of the abdomen, legs
and wings were removed from anesthetized fly bodies and fixed on glass
slides with double-sided adhesive tape. All fluorescent signals were examined
using a MZ 16F fluorescence microscope for fly image and a TCS SP5
confocal microscopy for plasmatocytes image (Leica). Quantification of repre-
sented images was assessed by using ImageJ software (National Institutes of
Health [NIH]).
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, one
table, seven figures, Supplemental References, and two movies and can be
found with this article online at http://www.cell.com/cell-host-microbe/
supplemental/S1931-3128(09)00258-3.
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